Abstract: Agricultural intensification and cropland expansion are the key policies to increase food production in Ethiopia. Gambella is one of the regions in Ethiopia which is highly suitable for agriculture; however, the local people still face food shortages. We therefore investigated the potential for intensification and cropland expansion. In this study, we developed land use scenarios of agricultural intensification and expansion and analysed their effect on potential crop production in the region and estimated the population that could be nourished as a result. We distinguished between different degrees of intensification, ranging from low input rainfed to high input irrigated agriculture and different degrees of expansion, considering the best 30% or 50% of land to be utilized for expansion. While the results reveal that irrigation had almost no effect on potential yields, they also show that the potential calorie production in all scenarios far exceeds the current and possible future caloric requirements of Gambella's population. For example, for the top 50% expansion scenario, calorie production increased by +428% for the low input and by +1092% for the high input scenarios. Thus, Gambella could nourish up to 21 million people and serve as a bread basket for the entire country, which could improve national food security.
Introduction
According to World Population Review, the total population of Ethiopia in 2018 was about 108 million. With an annual growth rate of 2.46% [1, 2] , this number is expected to grow to 174 million by 2050 [2] . Population growth is outpacing agricultural production in Ethiopia [3] and domestic food production has failed to meet the food requirements of the country [4] . The annual food deficit increased from about 0.75 million tons in 1979/80 to 1.4 million tons in 2000 [5] . A series of production failures has resulted in chronic food insecurity since the 1980s and adequate food production has been a serious problem in the country for decades [4, 6] . According to the UN, Ethiopia has been the largest recipient of food aid among Sub-Saharan African countries [6] . FAO's 2010 report indicated that 5.2 million people in Ethiopia face an uncertain food security situation [7] .
Smallholders account for 96% of the total area cultivated in Ethiopia [8, 9] . They generate the major share of the total production of the main crops. Teff, wheat, maize, sorghum and barley are the five major cereal crops in Ethiopia, accounting for about three-quarters of the total area cultivated and 29 percent of agricultural Gross Domestic Product (GDP) in 2005/06 (14 percent of total GDP) [9] . However, the Ethiopian population is still undernourished; underscoring the importance of increasing domestic food productivity [10] . One of the greatest challenges for Ethiopia therefore is to meet society's growing food needs whilst reducing the environmental impact of agriculture. The government of Ethiopia has established several programs to address the issue, yet recurring droughts and the population's heavy dependence on rain-fed agriculture, which is plagued by low productivity levels, present ongoing challenges for food production [11] . Among the several options that have been discussed to meet future food demand globally [12] , there is agreement that increased production is the answer, which can be achieved by (1) intensification and (2) agricultural land expansion [13] [14] [15] [16] . A combination of two options will most likely be chosen to meet the challenge: increasing yields through agricultural intensification on existing cropland and increasing production through cropland expansion. Both options have an impact on the environment and society and should be balanced out carefully to identify the best solution. Over the past four decades, increase in crop production in most parts of Ethiopia has occurred predominantly through cropland expansion [17] . However, of late yield increase and intensification rather than area expansion has been the major source of growth in agricultural output in the country [14] .
In this paper, we focus on intensification and potential cropland expansion for future agricultural crop production in Gambella National Regional State, which is one of the regional governments forming the Federal Democratic Republic of Ethiopia. The region is endowed with highly diversified natural resources, in particular the large expanse of arable land, rainfall and ground water resources, which render the region best suited for cropland expansion and agricultural development [18] . Despite this "abundance", livelihoods and subsistence farming in the region are still deeply marked by a strong vulnerability to food shortage and large yield gaps [19] . Land fragmentation, farmer's traditions and beliefs, pests, post-harvest management and losses, institutional practices/norms and policy, farmers' resistance to new technology, weak linkages among public, private and non-governmental extension staffs, lack of crop management with respect to planting time and weed control and low usage of organic or mineral fertilizers are the main causes of low productivity and high yield gaps in the region [10, [20] [21] [22] [23] [24] . We quantify crop yield gaps in the Gambella region and address the related challenges in the interest of increased and sustainable crop production in the region [22] . Although reference/actual yields are documented, there is a lack of insightful statistics and estimates on current yield gaps of the main crops. This information is a prerequisite for developing the region through sustainable intensification and/or expansion of agriculture. We therefore hypothesize that the potential in the Gambella region is huge to increase crop productivity and to improve efficiency of use of the natural resources (water, soil and climate) to meet the growing demand for food in the region and in Ethiopia.
The purpose of this paper is to estimate the magnitude and extent of intensification potential of the key Gambella cereal crops (maize and sorghum) and to identify potential cropland expansion areas in the region. The specific objectives of this paper are: (1) to estimate crop yield gaps and potential production by comparing simulations of potential crop yield and the average reference data/actual achieved crop yields from 1997-2017. Closing yield gaps aims not only at increasing crop yield and production but also at improving the efficiency of land, water and labour use, at reducing production costs and at increasing sustainability through, for example, reduced erosion and increased water use efficiency; (2) to assess potential areas (hot spots) for productivity gains and to identify what percentage of land is needed to accommodate cropland expansion in a manner consistent with sustainable food production and conservation of nature in the future (excluding Gambella National Park, artificial areas, water bodies, wetland and forest land).
Our motivation in this regional study is to give specific insight for scientists, policymakers, local farmers and various stakeholders in the agriculture sectors to overview the potential crop production of the region in a spatially explicit way in high detail, to identify regions where a realization of potentials should be prioritized in the context of region-specific socio-economic conditions through targeted development and to quantify the prospective/capacity of the potential food production of the country and the region.
Materials and Methods
Intensification potential related with closing yield gaps and agricultural expansion that are based on country or state level empirical data usually neglect spatial heterogeneous distribution of biophysical constraints for crop growth, which are determined by, for example, soil, climate and topography. Additionally, empirical quantifications of potential yields often use maximum farmer yields that usually underestimate yield potentials, especially in regions with high yield gaps, such as the Gambella region [25] [26] [27] . Thus, combined potentials of intensification and expansion should rely on spatially distributed crop growth models (e.g., gridded). These can be used to simulate potential crop growth for a range of scenarios for all locations in the considered region (even the ones which are not currently under agricultural use) [28] . The scenarios should cover a realistic spectrum of varying management practices like nutrition levels, pest mitigation measures and irrigation intensities, as well as different expansion strategies with respect to where to expand and how much. The resulting spatial simulation results for the different scenarios are compared and the potential as well as the related consequences are documented for each scenario. This paper develops a general framework of intensification/expansion scenarios, which can be used for a broad range of geographical regions in the tropics, for which intensification and expansion of agriculture have to be balanced in order to strengthen food security. The framework is applied to the Gambella region in Ethiopia as a case study to demonstrate its viability.
The framework is shown in Figure 1 . Expansion considers only those areas which are (1) feasible with respect to, for example, not being protected areas or biodiversity hot spots and (2) non-agricultural areas to begin with, which show the highest yield potential. Two alternative expansion scenarios are assumed in the study: (1) expansion takes place in the highest yielding 30% (TOP 30) and (2) 50% (TOP 50) of the feasible rangeland in the area. They assume that expansion takes place in the highest yielding 30% and 50% of the feasible rangeland in the area. As illustrated in Figure 1 , parallel to these two expansion scenarios we develop three intensification scenarios, which reflect different intensification options ranging from low input rainfed agriculture through high input rainfed agriculture to high input irrigated agriculture. The combination of the assumptions in expansion and intensification leads to 6 scenarios: Low Input Rain-fed (LIR 30 and LIR 50), High Input Rain-fed (HIR 30 and HIR 50) and High Input Irrigated (HII 30 and HII 50) (Figure 1 ). For all 6 scenarios, we estimate potential yields (t/ha) and production (t/season), calorie production (reference/actual and potential) and the number of people that can be nourished from the calorie production in the region, based on global average calorie intake. the Gambella region [25] [26] [27] . Thus, combined potentials of intensification and expansion should rely on spatially distributed crop growth models (e.g., gridded). These can be used to simulate potential crop growth for a range of scenarios for all locations in the considered region (even the ones which are not currently under agricultural use) [28] . The scenarios should cover a realistic spectrum of varying management practices like nutrition levels, pest mitigation measures and irrigation intensities, as well as different expansion strategies with respect to where to expand and how much. The resulting spatial simulation results for the different scenarios are compared and the potential as well as the related consequences are documented for each scenario. This paper develops a general framework of intensification/expansion scenarios, which can be used for a broad range of geographical regions in the tropics, for which intensification and expansion of agriculture have to be balanced in order to strengthen food security. The framework is applied to the Gambella region in Ethiopia as a case study to demonstrate its viability. The framework is shown in Figure 1 . Expansion considers only those areas which are (1) feasible with respect to, for example, not being protected areas or biodiversity hot spots and (2) nonagricultural areas to begin with, which show the highest yield potential. Two alternative expansion scenarios are assumed in the study: (1) expansion takes place in the highest yielding 30% (TOP 30) and (2) 50% (TOP 50) of the feasible rangeland in the area. They assume that expansion takes place in the highest yielding 30% and 50% of the feasible rangeland in the area. As illustrated in Figure 1 , parallel to these two expansion scenarios we develop three intensification scenarios, which reflect different intensification options ranging from low input rainfed agriculture through high input rainfed agriculture to high input irrigated agriculture. The combination of the assumptions in expansion and intensification leads to 6 scenarios: Low Input Rain-fed (LIR 30 and LIR 50), High Input Rain-fed (HIR 30 and HIR 50) and High Input Irrigated (HII 30 and HII 50) (Figure 1 ). For all 6 scenarios, we estimate potential yields (t/ha) and production (t/season), calorie production (reference/actual and potential) and the number of people that can be nourished from the calorie production in the region, based on global average calorie intake. 
Study Area

Gambella National Regional State has been chosen as a regional example to demonstrate the feasibility of the framework. It is situated in the south-western part of Ethiopia, with a total land area of 25,521 km 2 . It shares a long border with South Sudan and two other Ethiopian regions: Oromia to the north and east and the Southern Nations, Nationalities and Peoples' Regional State (SNNPRS) to the south (as shown in Figure 2 ). Altitude in the region progressively declines from the east to the west, with parts of the region ranging from 1000 to 2200 m above mean sea level in the east, to 500-900 m in the centre and 300-500 m in the west [29] . Around 90% of the region is dominated by lowland area [30] . Temperature and rainfall of the region are conducive for agricultural activities. As shown in Figure 3 , the annual rainfall ranges between 800 and 1200 mm and 85% of rainfall occurs between May and October [31] . The mean annual temperature of the region varies from 17.3 to 28.3 degrees Celsius ( • C) [32] . Gambella National Regional State has been chosen as a regional example to demonstrate the feasibility of the framework. It is situated in the south-western part of Ethiopia, with a total land area of 25,521 km 2 . It shares a long border with South Sudan and two other Ethiopian regions: Oromia to the north and east and the Southern Nations, Nationalities and Peoples' Regional State (SNNPRS) to the south (as shown in Figure 2 ). Altitude in the region progressively declines from the east to the west, with parts of the region ranging from 1000 to 2200 m above mean sea level in the east, to 500-900 m in the centre and 300-500 m in the west [29] . Around 90% of the region is dominated by lowland area [30] . Temperature and rainfall of the region are conducive for agricultural activities. As shown in Figure 3 , the annual rainfall ranges between 800 and 1200 mm and 85% of rainfall occurs between May and October [31] . The mean annual temperature of the region varies from 17.3 to 28.3 degrees Celsius (°C) [32] . Gambella National Regional State is one of the Ethiopian regions rich in water resources. The major rivers are the Baro, Akobo, Alwero and Gillo. All of these rivers have major tributaries and are large enough for the local population to depend on, as far as present and future irrigation needs are concerned [33] . Gambella regional state reports indicate the development of first irrigation schemes with total irrigated area of 1315 hectares (ha), out of which 415 ha are from small-scale and 900 ha are from medium scale farms [34] . The rivers originate in the Ethiopian highlands (2000-3500 m) situated in the east of the area and fall to the Gambella plain (450 m) in the west [28] . The annual potential evapotranspiration in the region reaches about 1612 mm, with the maximum value occurring in March (212 mm) [32] . According to the 2017 Ethiopian population projection, Gambella is sparsely populated, the total population of the region being approximately 436,000 [35] .
Land and water are key resources for the livelihood of the people living in the region [33] . The natural resources make the region potentially an ideal area for both commercial and small-scale farming and therefore for intensification and expansion both by commercial and small-scale farmers. The Ethiopian government has identified Gambella region as one of the regions in Ethiopia suitable for agricultural investments [36] [37] [38] and has classified most parts of the area in the region as underexploited (under-utilized) [39] , having a potential for agricultural production. Despite its huge natural resources potential and opportunities [19] , the region is one of the poorest in the country [40] . Currently, the livelihood of the region is mainly derived from subsistence agriculture. Flood recession agriculture is common, particularly maize and sorghum, being widely practiced by local people along the rivers [41] and these two crops supply over 70% of average daily caloric intake in the region [42] . Gambella National Regional State is one of the Ethiopian regions rich in water resources. The major rivers are the Baro, Akobo, Alwero and Gillo. All of these rivers have major tributaries and are large enough for the local population to depend on, as far as present and future irrigation needs are concerned [33] . Gambella regional state reports indicate the development of first irrigation schemes with total irrigated area of 1315 hectares (ha), out of which 415 ha are from small-scale and 900 ha are from medium scale farms [34] . The rivers originate in the Ethiopian highlands (2000-3500 m) situated in the east of the area and fall to the Gambella plain (450 m) in the west [28] . The annual potential evapotranspiration in the region reaches about 1612 mm, with the maximum value occurring in March (212 mm) [32] . According to the 2017 Ethiopian population projection, Gambella is sparsely populated, the total population of the region being approximately 436,000 [35] .
Land and water are key resources for the livelihood of the people living in the region [33] . The natural resources make the region potentially an ideal area for both commercial and small-scale farming and therefore for intensification and expansion both by commercial and small-scale farmers. The Ethiopian government has identified Gambella region as one of the regions in Ethiopia suitable for agricultural investments [36] [37] [38] and has classified most parts of the area in the region as under-exploited (under-utilized) [39] , having a potential for agricultural production. Despite its huge natural resources potential and opportunities [19] , the region is one of the poorest in the country [40] . Currently, the livelihood of the region is mainly derived from subsistence agriculture. Flood recession agriculture is common, particularly maize and sorghum, being widely practiced by local people along the rivers [41] and these two crops supply over 70% of average daily caloric intake in the region [42] . 
Reference Data
The reference yield or actual yield statistics (YA) is defined as the typical average yield of the farmers [43] . We used reference data on yield and harvested area obtained from the Ministry of Agriculture (MOA) and the National Agricultural Statistic Service, Ethiopia's annual Agricultural Sample Survey (AgSS) and Ethiopia's Central Statistics Authority (CSA), which provides critical information on small-scale farmer reference/actual crop yields and management practices for maize and sorghum from 1997 to 2017 at the regional level. Moreover, we used several additional sources of information such as localized agricultural information from the Gambella Regional Bureau of Agriculture.
Simulation of Potential Yields
One of the common crop modelling applications is the estimation of potential productivity under different assumptions of biophysical constraints [44] . We use the model (PROMET) (Processes of Mass and Energy Transfer [27, 45] ). PROMET is an agro-hydrological land surface process model, which contains a mechanistic, bio-physical, dynamic vegetation component to model crop growth and yield formation [46, 47] . PROMET allows spatially distributed, raster-based simulations, which model net primary production, evapotranspiration, water balance and yield at different scales, from field to global, as a function of meteorological drivers as well as soil and terrain information. PROMET determines and considers water availability through soil moisture balance, radiation balance and the physiological regulation mechanisms of plant canopies [47, 48] . The dynamic crop growth component uses parameters, which represent the sensitivity of the crops to environmental conditions (e.g., temperature, soil suction, nutrient supply) and which determine phenological development and crops reactions to related stresses. Management practices such as crop cultivar selection, sowing date, harvest date and fertilization levels are considered [45] . PROMET is well parameterized and validated for (but not restricted to) the simulation of the two important Gambella cereal crops, maize and sorghum (see, e.g., Reference [27] ). The required parameters for this paper were either derived from the literature [49] or determined through comparison with recorded yields in different parts of the globe. The spatial nature of PROMET also allows localizing the potential of cropland expansion through considering biophysical drivers at the local scale, such as climate, soil quality and topography. Simulation of potential yields outside the actual cropland allows determining where an expansion of cropland would potentially be most feasible under the given natural conditions.
The model takes into account the spatial heterogeneity of the study area with reference to climate, soil and terrain conditions. We simulate the potential agro-ecological yields of the selected crops for all agriculturally suitable and feasible geographical locations in Gambella region. In this paper we have defined yield potentials (YP) as theoretically optimum yields that can be achieved with certain assumptions on crop management. At each location in the region, optimal management 
Reference Data
Simulation of Potential Yields
The model takes into account the spatial heterogeneity of the study area with reference to climate, soil and terrain conditions. We simulate the potential agro-ecological yields of the selected crops for all agriculturally suitable and feasible geographical locations in Gambella region. In this paper we have defined yield potentials (YP) as theoretically optimum yields that can be achieved with certain assumptions on crop management. At each location in the region, optimal management creates a yield potential depending on the environment. Options can, for example, be assumed as rainfed agriculture or irrigated agriculture, no nutrition, low input nutrition or high input for a particular cultivar [43, 50] . In our study we assume well adapted standard cultivars of maize and sorghum, optimal sowing and harvest dates and no harvest losses due to pests or diseases, as well as no further losses during transport or storage. For simulating the yield potentials for the 6 scenarios from Figure 1 , we use different combinations of the mentioned management options. For each scenario, PROMET is run for the whole actual as well as the potential and feasible cropland in the Gambella region, with a spatial resolution of 30 arc seconds (approx. 940 × 940 m at the Equator). It is driven by meteorological inputs of the years 1997-2017, which are statistically downscaled from the 0.5 degree (approx. 50 km) ERA-Interim reanalysis data-set [51] to the model resolution. Soil data is derived from the Harmonized World Soil Database (HWSD) and topography from the SRTM (Shuttle Radar Topography Mission) data-set [27] .
Land Use Scenarios
Expansion
This part is concerned with cropland expansion to improve the potential food production in the region. For this purpose, we developed a "TOP 30% cropland expansion" and a "TOP 50% cropland expansion" scenario on land conversion and expansion in the Gambella region. Both rest on an identified potential cropland of 1,436,500 ha (from our pervious land use land cover classification of the region (see, e.g., Reference [39] ), we identified potential cropland). We consider Ethiopian land use regulations and legislation and exclude artificial areas, water bodies and protected areas according to the International Union for Conservation of Nature (IUCN) [52] . Accordingly, the Gambella National Park, forest land [53] and wetland vegetated areas [54] and current cropland are excluded from potential expansion areas. We assume in the scenario that agricultural expansion strategically follows a gradient from high to lower yield potentials. It is therefore assumed that expansion starts at the location with the highest potential and consecutively selects locations with the next lower potential. We further assume that not all possible expansion will take place, because investments have to take place and they have to be financed by a return that is diminishing with expansion because of decreasing yield potentials. We therefore define a TOP 30% and TOP 50% expansion scenario, where the best 30% (375,000 ha, high investment costs) and 50% (600,000 ha, lower investment costs) of potential farmland are used for cropland expansion. These expansion areas are identified by ordering the PROMET simulation results of each pixel according to their yield potentials and then selecting the corresponding best 30% and 50% pixels.
Intensification
Currently, around 280,000 ha of land in the Gambella region is covered by cropland. It consists of both small and large-scale farms. It is therefore unrealistic to assume that intensification can completely close current yield gaps, because of many factors which in practice work against it, such as severe weather and pests. We assume two scenarios for rainfed and irrigation, in which intensification closes the yield gap between the potential and the reference yield statistics by approx. 10% (LIR) and 40% (HIR and HII). A closure of yield gaps by 10% until 2050 corresponds to a continuation of current trends with average yield increases from 1997-2017 and can be considered "business as usual". We linearly regressed 20 years of crop yields to determine the average linear rates of yield improvement over the observed period. Many previous studies [55] have shown that crop yields increase linearly with time and we have used linear regression to project crop yields. We also close the yield gap by approx. 40% by assuming that the future agricultural outputs will follow a growth pattern which is similar to that of Ethiopia's current overall fast-growing economy. These considerations lead to three assumptions for intensification: low input rain-fed, high input rain-fed and high input irrigation.
• LIR scenario: we assume that intensification closes the yield gap between the potential and reference yield statistics by approx. 10% until 2050. However, we assume that there might be constraints to achieving potential production because of traditional ploughs, weak cooperatives and institutions, low technological development, less organized pest management or expensive pesticides, lack of a strong agricultural policy or economic institutions like leasing and no access to credit for the farmers. In general, in the LIR scenario we assume that "business as usual" continues until 2050.
• HIR scenario: we assume that intensification closes the yield gap between the potential and the reference yield statistics by approx. 40% until 2050. In the high input there is a large potential to increase rain-fed yields of maize and sorghum by increasing agricultural inputs through mechanization and fertilization and by improving infrastructure, education and governance.
• HII: we assume the same agricultural development as in high input rain-fed; however, in this case the water deficits of rainfed agriculture would be compensated through irrigation.
Reference Crop Calorie Production and Calorie Intake
In this paper we consider the 2 major food crops maize and sorghum. These crops account for 97% of Gambella region's crop production by small scale farmers and 95% of the region's harvested area [56] . We further assume that the current ratio of cultivated area of 50% maize and 50% sorghum will stay constant when closing yield gaps [57] . In order to convert reference/actual and potential production into meaningful information with respect to food security for the residents of Gambella and beyond, production has to be converted from mass into calories. We calculate the current small scale farmland crop calorie production for each crop (Ca) according to Equation (1) using the statistical data on the reference crop yield (Ya r : rain-fed) and area harvested (H r ) and FAO's nutritive factors for converting crop mass into calories (f i ) [58, 59] (Table S1 ). For both crops, calorie production under reference yield and yield gap closure scenarios was assessed based on the respective crop yield values (t ha −1 ). The number of people that can be fed is assessed based on a global estimate of average daily per capita calorie consumption (2200 kcal/cap/day) [60] .
Simulations of Potential Crop Calorie Production and Calorie Intake
PROMET was run for the Gambella region on the actual and all potential and feasible cropland for the six selected scenarios for the period from 1997 to 2017, with a spatial raster grid of 30 arc seconds (approx. 940 × 940 m) resolution, to provide information on potential crop yields [45] . The extended simulation period of 20 years was chosen to be able to average yield potential over a large range of weather situations. We used PROMET data on potential yields for estimating the potential crop calorie production both for the current farmland and potential and feasible cropland. The potential crop yields are provided in t ha −1 in harvest weight, assuming common moisture content of harvested fruits, which is 12.75. The nutritive factor (f i ) is used to convert crop mass into crop calories. The crop production based on rain-fed and irrigated agriculture obtained by multiplying for each pixel in the simulation the high input potential yields (YP r and YP i , r: rain-fed, i: irrigated) and area harvested (H r and H i ) provides the potential crop calorie production for high input levels (Ch) according to Equations (2) and (3). Finally, the crop calorie production values of 50% maize and 50% sorghum are added to get the total potential crop calorie production from the two crops and accordingly the number of people that can potentially be fed based on a global estimate of average daily per capita calorie consumption (2200 kcal/cap/day) [60] .
To analyse the state of self-sufficiency of the population, we take the UN world population prospective report of 2017 [61] . It assumes that the total population of the region will roughly double from 436,000 in 2017 to around 880,000 in 2050.
Results
Land Use Scenarios' Effect on the Potential Yield from 1997-2017
As shown in Figure 4 , potential yields are spatially highly variable due to more or less suitable climate and soil conditions for farming in the region. In general, rainfed potential yields (as shown in Figure 4A ,C) decrease from high values in the north to lower values in the south of Gambella because of poor sandy Alisols in the south. The highest potential rainfed yields are simulated for both crops in the western highlands because of plenty of rainfall and reduced temperature stress. By selecting the current farmland from Figure 4 which closes the reference yield gap of maize and sorghum by 40%, the average potential yields on all possible and feasible cropland becomes 6.1 t ha −1 for maize and 2.7 t ha −1 for sorghum for the HIR intensification assumption and 6.4 t ha −1 and 2.8 t ha −1 for maize and sorghum respectively for the HII assumption ( Figure 4B,D) . The related simulations were also carried out for the LIR assumption by selecting the current farmland from Figure 4 , which closes the reference yield gap of maize and sorghum by 10%, for the whole potential and feasible cropland. Here, the average potential yields of maize and sorghum are 1.5 t ha −1 and 0.7 t ha −1 , respectively. The CSA report shows that the average reference yield in Gambella region from 1997-2017 is 2.1 t ha −1 for maize and 1.1 t ha −1 for sorghum. To analyse the state of self-sufficiency of the population, we take the UN world population prospective report of 2017 [61] . It assumes that the total population of the region will roughly double from 436,000 in 2017 to around 880,000 in 2050.
Results
Land Use Scenarios' Effect on the Potential Yield from 1997-2017
As shown in Figure 4 , potential yields are spatially highly variable due to more or less suitable climate and soil conditions for farming in the region. In general, rainfed potential yields (as shown in Figure 4A ,C) decrease from high values in the north to lower values in the south of Gambella because of poor sandy Alisols in the south. The highest potential rainfed yields are simulated for both crops in the western highlands because of plenty of rainfall and reduced temperature stress. By selecting the current farmland from Figure 4 which closes the reference yield gap of maize and sorghum by 40%, the average potential yields on all possible and feasible cropland becomes 6.1 t ha −1 for maize and 2.7 t ha −1 for sorghum for the HIR intensification assumption and 6.4 t ha −1 and 2.8 t ha −1 for maize and sorghum respectively for the HII assumption ( Figure 4B,D) . The related simulations were also carried out for the LIR assumption by selecting the current farmland from Figure 4 , which closes the reference yield gap of maize and sorghum by 10%, for the whole potential and feasible cropland.
Here, the average potential yields of maize and sorghum are 1.5 t ha −1 and 0.7 t ha −1 , respectively. The CSA report shows that the average reference yield in Gambella region from 1997-2017 is 2.1 t ha −1 for maize and 1.1 t ha −1 for sorghum. 
Effect of Scenarios on the Potential Crop Production (1997-2017)
By identifying the 30% and 50% of all harvested pixels in Figure 4 which show the highest yields, we realize the spatial distribution of the two expansion assumptions TOP 30 and TOP 50. The resulting spatial expansion of cropland in Gambella is shown in Figure 5 , together with the actual cropland. Figure 5 shows that expansion is predominantly identified in the north and west of Gambella. PROMET simulates the average potential yield of maize in rain-fed agriculture in the LIR 30 and HIR 30 scenarios to be 2.9 t ha −1 and 7.5 t ha −1 , respectively. In HII 30, irrigation increases the average maize yields from 7.5 to 7.7 t ha −1 . Average sorghum yield in the LIR 30 and HIR 30 scenarios is around 2.0 and 4.0 t ha −1 , respectively. At the same time in HII 30 irrigation increases the average yield of sorghum from 4.0 t ha −1 to 4.3 t ha −1 . Similarly, in LIR 50 and HIR 50, average maize yield in the region is 2.9 t ha −1 and 7.5 t ha −1 respectively, whereas in HII 50 average maize yield is around 7.7 t ha −1 . On the other hand, in LIR 50 and HIR 50, average sorghum yield is 2.1 t ha −1 and 4.1 t ha −1 respectively, while in HII 50 average sorghum yield is 4.3 t ha −1 . The result indicates that the average yield of maize and sorghum in HIR 30 and HIR 50, as also in HII 30 and HII 50, does not show any significant difference.
The result shows that average maize and sorghum reference yield production are 0.4 Mt and 0.3 Mt respectively from 1997-2017. In the LIR 30, maize average yield production is 1.8 Mt and it increases by 350% compared to the average maize yield reference production. In the HIR 30 and HII 30 average maize production is 4.4 Mt and 4.5 Mt respectively, increasing by 1000% and 1025% respectively compared to the average maize yield reference production. The small percentage increase in production from the HIR 30 to the HII 30 scenario confirms the excellent natural suitability and adequacy of rainfall of Gambella region for crop production. In the LIR 50, average maize production is 2.5 Mt and increases by 525% compared to the average maize yield reference production, while in the HIR 50 and HII 50 the average maize yield production is 6.1 Mt and 6.3 Mt, respectively. In the LIR 50 and HIR 50, average maize yield production is about 5 and 15 times respectively of the average maize reference yield production.
The result indicates that in the LIR 30 scenario the average sorghum yield production is 1.2 Mt and this is an increase of 300% compared to average sorghum reference yield production. In the HIR 30 and HII 30, average sorghum yield production is 2.4 Mt and 2.5 Mt respectively, increasing by 700% and 733% respectively compared to today's production/average sorghum reference yield production. Again, the effect of irrigation is marginal for sorghum. Under LIR 50 the average sorghum yield production is 1.7 Mt and increases by about 467% compared to average sorghum reference yield production. By repeating the same simulations, sorghum average yield production on the potential cropland in the HIR 50 and HII 50 is 3.4 Mt and 3.5 Mt respectively, reflecting an increase of 1033% and 1067% respectively compared to the average sorghum reference yield production. This yield production result shows that the total simulation potential production of HIR and HII in the region does not reflect any significant difference, which implies that annual rainfall of the region is enough for production of maize and sorghum. Figure 5 shows that spatial distribution of the total area coverage of the two scenarios (TOP 30 and TOP 50) would be located in the northern parts of the region where there is high yield production per ha. Both cropland expansion scenarios in the region could take place at the expense of tropical grasslands and sparsely vegetated lands of the region (see, e.g., Reference [39] ). 
Scenarios' Effect on the Potential Calorie Crop Production and Calorie Intake
Section 3.2 documented the huge gap between reference and simulated potential crop production in the region. In order to convert reference and potential production figures into meaningful information with respect to food security for the residents of Gambella, the values have to be converted from mass into caloric production. The result shows that total average reference crop calorie production is around 1.4 × 10 kcal year from 1997-2017. In LIR 30 the total average crop calorie production is around 5.40 × 10 kcal year , which is an increase of around 286% compared to average reference crop calorie production. Total average crop calorie production of HIR 30 is about 1.20 × 10 kcal year . The simulated potential average crop calorie production of HII 30 is very close to the HIR caloric production, at 1.23 × 10 kcal year , which is a potential increase of 778% compared to reference crop calorie production.
In LIR 50 the simulated average total crop calorie production is 7.4 × 10 kcal year and it shows an increase of 428% compared to the reference crop calorie production. Similarly, in HIR 50 the result shows that the average total crop calorie production is 1.67 × 10 kcal year (as illustrated in Table 1 ). This is an increase of 1092% compared to the reference calorie crop production. In irrigated agriculture, average HII 50 crop calorie production is simulated to be 1.70 × 10 kcal year , which shows only about a 1.8% increase over the simulated HIR 50 crop calorie production. In general, the difference between rain-fed and irrigated agricultural crop calorie production is insignificant. 
Section 3.2 documented the huge gap between reference and simulated potential crop production in the region. In order to convert reference and potential production figures into meaningful information with respect to food security for the residents of Gambella, the values have to be converted from mass into caloric production. The result shows that total average reference crop calorie production is around 1.4 × 10 12 kcal year −1 from 1997-2017. In LIR 30 the total average crop calorie production is around 5.40 × 10 12 kcal year −1 , which is an increase of around 286% compared to average reference crop calorie production. Total average crop calorie production of HIR 30 is about 1.20 × 10 13 kcal year −1 . The simulated potential average crop calorie production of HII 30 is very close to the HIR caloric production, at 1.23 × 10 13 kcal year −1 , which is a potential increase of 778% compared to reference crop calorie production.
In LIR 50 the simulated average total crop calorie production is 7.4 × 10 12 kcal year −1 and it shows an increase of 428% compared to the reference crop calorie production. Similarly, in HIR 50 the result shows that the average total crop calorie production is 1.67 × 10 13 kcal year −1 (as illustrated in Table 1 ). This is an increase of 1092% compared to the reference calorie crop production. In irrigated agriculture, average HII 50 crop calorie production is simulated to be 1.70 × 10 13 kcal year −1 , which shows only about a 1.8% increase over the simulated HIR 50 crop calorie production. In general, the difference between rain-fed and irrigated agricultural crop calorie production is insignificant.
The reference crop calorie production could feed around 1.7 million people, assuming a daily diet of 2200 kcal/cap/day. Table 1 shows that the simulated potential LIR 30 and HIR 30 could feed around 6.6 and 15.0 million people, respectively. The same calculations reveal that within the LIR 50 low-intensity/large expansion scenario, Gambella's agriculture could supply the necessary calories for 9.2 million people. Improving agricultural technology, infrastructure, education and governance for the HIR 50 scenario would further increase to 21.0 million the number of people that can be fed by Gambella's agriculture. However, the introduction of irrigation in the HIR scenario only marginally increases this number, to around 21.3 million people. This indicates that the simulated potential of HIR 50 and HII 50 potential crop calorie production can feed about 19 times as many people as the reference crop calorie production. The results of the scenario simulations also make clear that the total potential production of calories in all scenarios far exceeds the current and possible future caloric demand of Gambella's population, thereby also freeing food resources for the national and international markets. 
Discussion
In Gambella, agricultural intensification and cropland expansion are the two major policies/strategies to raise crop yields in particular and agricultural output in general [3] . Agricultural intensification by raising agricultural inputs to increase per-hectare yields has become central to policy formulation, primarily as a strategy for reducing agriculture encroachment into forests, protected areas and wetland areas. On the other hand, in Gambella cropland expansion is occurring due to rising food demand and population growth. According to UN reports, Ethiopia's population is expected to increase dramatically in the next 20-25 years [1, 2] , with the increase in food production falling behind population increase. Thus, we are arguing here that Gambella can serve as a backup for the country's potential food production.
Gambella region has huge potential for agricultural production (intensification) and an abundance of unutilized land (expansion) and has sufficient rainfall [38] . Our findings show that within Gambella's suitable cropland, the quantum of calories that can potentially be produced in HIR 50 agriculture can nourish 18% of today's total population of Ethiopia or 10% of the total population of Ethiopia in 2050. Thus, Gambella could potentially serve as a bread basket to enable food security for the country. Currently, the population of the region is around 436,000, which is about 0.5% of the total population of Ethiopia. Our results indicate that the population of the study area can be self-sufficient even with the very conservative assumptions underlying the LIR 30 scenario and that the production can even increase by better organizing and managing the region's farming practices. In recent decades, several agricultural development activities have been carried out in the region to achieve sustainable production. In the 1990s, there were no trained agricultural development workers. However, since the beginning of the current century a total of 1700 youths have been trained as agricultural extension workers. Currently, these agricultural extension workers are active in the region's agriculture offices, assisting and teaching how subsistence farmers can minimize the yield gaps [62] . The major objective of these agriculture extension workers is also to focus on training local farmers to be efficient in planting and harvesting and to adopt modern agricultural systems and technologies [62, 63] . Yet, the average yield gap between the small-scale farmers' production and the simulated potential yield is quite large.
A lack of knowledge, poor agriculture technology and lack of modern inputs and innovations are the main contributory factors for low yield production per hectare in the region [38, 64, 65] .
Our findings for potential yields are in agreement with other studies at country level or global scale. According to international food policy research institute (IFPRI) the potential production of average maize yield is around 4.7 t ha −1 on-farm field trials at country level, when cultivated with fertilizer, hybrid seed and farm management practices [66] . A local case study in Central Rift Valley region of Ethiopia shows similar results to our study. While we estimated an average water-limited potential yield for maize of 6.1 t ha −1 , the average maize water-limited potential yield was 6.0 t ha −1 for the 2015/2016 seasons [21] . For sorghum, Kinfe and Tesfaye [67] found an average potential yield of 3.9 t ha −1 in the moist lowlands of the country. The global GAEZ model approach at 5 arc minutes spatial resolution estimated the average maize and sorghum potentials to be 10.6 t ha −1 and 6 t ha −1 respectively for the Gambella region [68] .
The study confirmed that irrigation does not contribute to higher potential yield levels in the Gambella region, because it turned out from the PROMET simulations that water was not the main constraint for maize and sorghum growth. It is also clear that the favourable natural conditions for agriculture in the region could help to produce adequate food to match the population growth of the area. Our findings show that the spatial distribution of yield production in the region is higher in the northern and central part of the region but declines towards the south-eastern part of the region, due to the prevailing Alisols that consist of 51% sand, 27% silt and 22% clay. The sandy soils lead to high percolation due to low field capacities, which finally results in water stress and low yields [1-3 t ha −1 ]. In addition, this soil contains few nutrients and has high accumulation of clays in the subsoil [69, 70] . With the exception of this particular area, however, crops in most parts of the region do not experience water stress.
For further studies, it is also important to consider climate change impacts on potential yields for future projections. For the Gambella region, climate projections assume a 2.57% and 2.35% increase of precipitation for RCP 8.5 and for RCP 2.6 respectively and an increase of temperature by 1.73 K for RCP 8.5 and by 0.75 K for RCP 2.6 until 2050 (model mean of all CMIP5 models [71] ). The small increase in precipitation may not necessarily result in higher yields, since (1) the increase in precipitation is assumed to take place from September to December, which is beyond the current growing period of maize and sorghum (2) increased temperature might result in less water availability due to increased evaporation rates.
On the other hand, TOP 30 and TO P50 cropland expansion has been identified as improving the potential food production in the region by 2050. However, the TOP 30 and TOP 50 cropland expansion for agriculture could threaten the native ecosystems [72] . In both scenarios, sufficient agricultural production to meet the human demand for food while maintaining the ecosystem functions and minimizing the environmental impacts is the greatest challenge [73, 74] in the region. While we do not consider utilizing any legally protected land for expansion, our study also does not consider distributions of endemic richness and biodiversity. Since we have assumed the areas best suited for expansion, further investigations are necessary to determine whether these identified best expansion areas are important for biodiversity or other ecosystem service functions and consequently should be protected and preserved.
In Gambella, tropical grassland cover was 1,370,000 ha in 1987 and it has declined to around 911,200 ha in 2017 due to cropland expansion. If the cropland expansion continues at the same rate as is happening today, then around 504,680 ha tropical grasslands are expected to be converted into cropland by 2050 [39] . Meeting this challenge requires better understanding of the environmental impact of TOP 30 and TOP 50 cropland expansion in the region. Thus, when making policies it is important to focus on the role of cropping intensity related to food production, land use management and planning. Our findings also demonstrate that currently intensification may provide a promising opportunity to increase Gambella region's food production without the need for cropland expansion. In the past, because of cropland expansion widespread land and resource conversion has been occurring in many parts of the region, mainly due to large-scale farm investment and resettlement (internal migration) from other regions [75, 76] .
To achieve the potential and sustainable food production in the future and to export significant food resources from the region to the national and international markets, the current status of agricultural production and estimated yields gaps, as well as the sustainability of the agricultural management and cropland expansion, need to be taken into account [77] . Based on this information, well-targeted land management decisions and potential food production can be achieved [48] in Gambella region.
Conclusions
This paper presents the Gambella region in Ethiopia as a case study for systematic exploration of the potential for agricultural intensification and cropland expansion to increase caloric production and food security. Realistic assumptions for intensification and cropland expansion were set and combined into 6 intensification/expansion scenarios which were analysed with respect to their food and caloric production potential. For this purpose, a spatially distributed hydro-ecological crop growth model identified the yield potentials of different management options as well as the feasible and most suitable regions for expansion of cropland. Overall, it can be stated that the framework that was set up to systematically develop and analyse the scenarios has proven its applicability for the selected test case. Since no assumptions which are specific to the test case enter the framework and since the selected model has already proven its global applicability, we assume that the framework is transferable to carry out similar studies in other regions of the globe.
The important practical results that can be drawn from the scenario analysis of the Gambella region are: (1) there is tremendous potential to increase rain-fed yields of maize and sorghum by increasing agricultural inputs through mechanization and fertilization and by improving infrastructure, education and governance; (2) there is similarly large potential for expanding cropland; the preferred areas for agricultural expansion in the region have been identified; (3) the rather low added potential of irrigation does not justify generally introducing it on a large scale; (4) Gambella's agricultural potential far exceeds its caloric demands and the region could theoretically go on without expansion, securing food supply for its current and future population and preserving natural resources like biodiversity, water resources and soil fertility for the demand of future generations; (5) the potential, if exploited, would allow export of significant food resources from Gambella to the national and international markets. 
